Aim Our aim was to understand the interplay of heterogeneous climatic and spatial landscapes in shaping the distribution of nuclear microsatellite variation in burrowing parrots, Cyanoliseus patagonus. Given the marked phenotypic dif ferences between populations of burrowing parrots we hypothesized an impor tant role of geographical as well climatic heterogeneity in the population structure of this species.
INTRODUCTION
High biodiversity and complex phylogeographical patterns evolved in South America because of a combination of past orogenic events and climatic cycling (e.g. Iglesias et al., 2011; S ersic et al., 2011; Tambussi, 2011) . The uplift of the Andes generated heterogeneous landscapes on both sides of the Cordillera (the Andes itself). Prominent relief is widespread on the eastern side of the Andes (Strecker et al., 2007) , where the Cordillera, the Precordillera (pre Andes), and associated sierras (ridges), constitute orographic structures that may impose constraints on the ability of animals to col onize new habitats and thus affect the structure, adaptability and persistence of populations (e.g. Turchetto Zolet et al., 2013; Fig. 1) . Heterogeneous climatic types are also present on both sides of the Andes (Fig. 1) , which may also strongly influence species distributions and promote genetic structur ing (e.g. . Understanding how genetic varia tion is influenced by landscape and climate heterogeneity is crucial to better predict how species might cope with climate change and to increase our ability to confront the conse quences of future changes (e.g. Mane! et al., 2010) . However, despite growing knowledge of the structuring of population level diversity in South America (Turchetto Zolet et al., 2013) , the processes involved are largely unknown (Ruzzante & Rabassa, 2011 ) .
Landscape genetics (Mane! et al . . , 2003) is an analytical framework that incorporates individual population genetic and spatial data for detailed analyses of the landscapes in which those individuals are found (e.g. Mane! et al., 2010; Sork & Waits, 2010) . The aim of landscape genetics is to . .,.
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-EF ss•w understand how evolutionary processes interact with abiotic changes (e.g. Holderegger & Wagner, 2006) , inclusive of the interplay between climate and geography (e.g. Eckert et al., 2010; Buckley et al., 2012) .
We here focus on a species that may represent a powerful model for the study of genetic responses to climatic and geographical patterns: the burrowing parrot, Cyanoli.seus patagonus (Vieillot, 1818) . Not only are the locations of all breeding sites across an extertSive distribution in southern South America known, but this range is bisected by the southern Central Andes (up to 6900 m) and the Patagonian Andes, which constitute a substantial geographical barrier (Fig. 1) . Oimatic conditions across this region vary consider ably, although arid to semi arid conditions prevail (Fig. 1) . In Chile, the species inhabits the 'Matorral' , whereas in Argentina, the species is found in the ' Monte', the 'Chaco Seco' , the Patagonian steppes and the ' Espinal' ecoregions Kottek et aL (2006) and Peel et aL (2007) : arid, desert, hot (BWh); arid, desert, cold (BWk); arid, steppe, hot (BSh); arid, steppe, cold (BSk); temperate, dry summer, hot summer (Csa); temperate, dry summer, warm summer (Csb); temperate, dry winter, hot summer (Cwa); temperate, dry winter, warm summer (Cwb); temperate, dry winter, cold summer (Cwc); temperate, without dry season, hot summer (Cfa); temperate, without dry season, wann summer (Cfb); temperate, without dry season, cold summer (Cfc); cold, dry summer, warm summer (Dsb); cold, dry summer, cold summer (Dsc); cold, without dry season, warm summer (Dfb); cold, without dry season, cold summer (Dfc); polar, tundra (ET); polar, frost (EF) . Panel (b) shows the elevation (metres) plotted with DIVA GIS. The data were derived from the Shuttle Radar Topography Mission as described in Reuter et al. (2007) .
( Masello et al., 2011) . Formerly, burrowing parrots were common, but they are now only regionally abundant and have disappeared from large parts of their former distribu tional range. The situation is particularly worrying in Chile and in the north west of Argentina, where burrowing parrots have strongly declined (e.g. Rojas Mart ınez, 2008; Masello et al., 2011) . Masello et al. (2011) traced the evolutionary history of the burrowing parrot using mitochondrial DNA (mtDNA) and found that the species originated in Chile. A single successful migration event across the Andes during the late Pleistocene gave rise to all extant Argentinian mitochondrial lineages. Maternal population structure comprises a single ancestral lineage in Chile (Bloxami), three derived lineages in Argen tina (Andinus, Patagonus1, Patagonus2), and a hybrid zone that has remained stable for several thousand years in the Serran ıas Centrales (Argentina; Masello et al., 2011) . Using multivariate regressions, Masello et al. (2011) also found that up to 48% of the heterogeneity in the mtDNA data set could be accounted for by present day climatic variables. The cli matic variables associated with genetic variation were mainly temperature related (temperature seasonality, temperature annual range, isothermality), with precipitation seasonality playing only a partial role. This was surprising, given the species' strong dependence on water and tolerance of highly variable temperatures across its range (Masello & Quillfeldt, 2004) . However, in Masello et al. (2011) , climatic variables were considered separately, so that their natural correlation (i.e. redundancy) was not taken into account and it was thus not possible to estimate the exact fraction of genetic variance attributable to particular variables.
Given the marked phenotypic differences between popula tions of burrowing parrots (Darrieu, 1980) and the relation ship previously observed between mtDNA heterogeneity and climate, we hypothesized an important role of geographical (latitude plus longitude) and climate heterogeneity in the structuring of burrowing parrot populations. However, as the genetic patterns driven by these abiotic factors may often be cryptic or subtle, they are not always detected via regres sion models. Thus, we applied a landscape genetics approach, spatial principal component analysis (sPCA; Jombart et al., 2008) , to investigate the explicit patterns of nuclear microsat ellite spatial autocorrelation in landscape space. Because two dimensional representations of climatic landscapes do not presently exist, we developed a novel PCA based approach to estimate climatic coordinates in landscape space prior to assessing their genetic spatial autocorrelation. Furthermore, we split climatic data into temperature and precipitation based categories in order to evaluate the weight of the differ ent climatic components in shaping the distribution of genetic variation in our model. By avoiding redundancy, we hypothesized a less predominant role for temperature based variables and a more important role for precipitation. Addi tionally, we expected to unravel genetic structure relevant to conservation assessment. Lastly, we aimed to provide the field of landscape genetics with an extended application of sPCA that may prove to be of broad interest and application in future continental scale studies.
MATERIALS AND METHODS

Sampling
A large scale sampling effort covering almost the entire range of the burrowing parrot was carried out in November December 2007 and October November 2008 (Argentina), and in February 2008 (Chile). Feathers were collected non invasively at 26 colonies and five roosts (Fig. 1 , and see Appendix S1 in Supporting Information). As most burrow ing parrot colonies have an associated roost, we sampled roosts for several colonies where access was difficult or impossible (e.g. on private property). During the breeding season roosts are used by non breeders and failed breeders (Masello et al., 2006) . Detailed observations carried out at El C ondor (Masello et al., 2006) , showed that the birds congre gated first at the colony on their return from feeding areas, and then flew in groups to the roosting place. This suggests that individuals at the roosts should be mostly resident birds. Because burrowing parrots moult their primary feathers at the beginning of their breeding season, from November onwards (Bucher et al., 1987; Masello et al., 2008) , sample collection is usually straightforward, as feathers tend to accu mulate at the bottom of colony bearing cliffs. Burrowing parrots can fly up to 66 km from their colonies during the breeding season and show seasonal movements (Masello et al., 2006) , making it possible that individuals move between colonies. However, several ringed nestlings in the El C ondor (Patagonia) breeding colony returned to the same colony as adults and bred in nests excavated a few metres from the nests in which they were born (Masello & Quillfeldt, 2012) , suggesting a strong degree of philopatry in this species. Thus, although possible, we assumed that fledglings do not frequently move away from their colonies of birth. Furthermore, the sampled feathers were moulted and collected during the breeding season, a time of the year when burrowing parrots do not migrate or move between colonies. We are confident therefore, that the sampled feath ers belong to individuals breeding in the colonies (91% of all individuals; Masello et al., 2006) where the samples were collected. The two southernmost populations in Chile were not accessible.
Microsatellite genotyping and genetic variation
DNA was extracted from the feather quill, for a subset of 3 29 individuals from each of 31 studied colonies using the DNAeasy kit (Qiagen, Hilden, Germany). PCR amplifications were performed for seven species specific tetranucleotide microsatellite loci originally isolated by Klauke et al. (2009 Although we cannot exclude a degree of relatedness among individuals sampled at each site, there were no identical genotypes within the dataset (Appendix S1). We calculated indices of multilocus genetic diversity (number of alleles per locus, number of alleles per population, expected and observed heterozygosity) using the R package adegenet (Jombart, 2008) , and deviations from Hardy Weinberg equi librium (HWE) by testing for heterozygote deficiency and heterozygote excess using fstat 2.9.3 (Goudet, 1995) .
Power of prediction: climate, geography and genetics
To disentangle the relationship between climate and geography (here and throughout the text: latitude plus longitude), we used 21 interpolated climatic variables (Appendix S1) based on the WorldClim database version 1.3 (http://www.worldclim.org) at 2.5 minutes resolution (Hijmans et al., 2005) from 64 burrowing parrot colonies and roosts, using diva gis (http://www.diva gis.org). As in the case of other interpolated databases, a certain degree of uncertainty arises from areas with low density of weather sta tions, elevation bias in the weather stations, and/or elevation variation within grid cells. Thus, uncertainty is highest in mountainous areas where interpolation does not capture all the variation that may occur at ≤ 1 km, particularly for pre cipitation (Hijmans et al., 2005) . Although the interpolations in some of the areas studied here are based on a relatively low density of weather stations (see maps in Hijmans et al., 2005) , distances between two colonies where mostly well above 50 km and in no case below 8 km. Consequently, we assumed that WorldClim captures most of the climatic variation occurring among the studied colonies.
The WorldClim climatic parameters comprised two main categories: 13 temperature based (°C) variables, and eight precipitation based (millimetres) variables. Because climatic parameters are expected to co vary with geography, we esti mated a correlation matrix among geographical coordinates and climatic variables (Appendix S1) using the base pack age in R (R Core Team, 2013) . To investigate this relation ship more thoroughly, we used two multivariate analyses: redundancy analysis (RDA; van den Wollenberg, 1977) and canonical correspondence analysis (CCA; Ter Braak, 1986), both of which were implemented in the R package vegan (Oksanen et al., 2012) . The analyses assume linear (RDA) and Gaussian (CCA) relationships among response (climate) and predictor (geography) variables respectively. A Gaussian transformation may better approximate the true distribution describing the relationship between variables when a straight forward linear relationship is not supported. The power of prediction of latitude and longitude, separately and jointly, was tested both on the complete climatic data set and on separate temperature and precipitation subsets. We also con sidered elevation as a third geographical variable, but a regression model showed that, while latitude and longitude were statistically, and intuitively, uncorrelated (r 2 0.010), elevation was highly predicted by latitude and to a lesser extent by longitude (r 2 0.629 and r 2 0.201, respectively, P < 0.001). Given this redundancy we excluded elevation from the following analyses. We then extended this frame work to include multilocus population allele frequencies as the response variable, thus testing the marginal and condi tional power of geography and climate in predicting the dis tribution of genetic heterogeneity.
Spatial principal component analysis for geographical and climatic landscapes
We investigated the spatial autocorrelation of our genetic data to spatial and climatic landscapes of burrowing parrot localities by applying sPCA. This method undertakes an explicit synthesis of the organization of the genetic variance among sampling locations and its correlation to distances among locations , using information obtained from principal component analysis and a spatial autocorrelation index (Moran's index; Moran, 1950) .
We defined connection networks for geographical and cli matic data sets. These are matrices of spatial weights, required to calculate the spatial autocorrelation (Moran, 1950) . We calculated these as matrices of inverse distances connecting all 31 sampling locations, because this is less arbi trary than binary Gabriel graphs, where user defined neigh bours are denoted 1, and non neighbours 0. As sPCA is two dimensional, connection networks were constructed from pairs of coordinates from each sampling locality. This was straightforward for the geographical data set, because we were able to code each locality using latitude and longitude. In order to define sampling localities on the basis of their climatic affinities, we employed a novel method involving principal components analyses. Based on results obtained from the correlation and multivariate analyses above, we kept temperature and precipitation data sets separate, per forming a separate PCA on each. Both temperature and pre cipitation correlation matrices were significantly spherical (Bartlett's test of sphericity, v 2 559.9, d.f. 78, P < 0.001; v 2 1925.4, d.f. 28, P < 0.001), while the Kaiser Meyer Olkin measure of sampling adequacy reached the required level of 0.5 in both cases. We were then able to use the PC loading scores along pairs of those components that cumula tively described 99.9% of the variation in the temperature and precipitation data as climatic 'coordinates' to produce connection networks that summarized the climatic landscape across the species range. Finally, sPCA was performed on all geographical and climatic connection networks. The resulting positive eigenvectors account for global spatial structure such as large gradients or patches (positive spatial autocorrela tion), whereas negative eigenvectors retrieve information on local spatial structure which may result from negative mating between adjacent locations (negative spatial autocorrelation). A Monte Carlo simulation (global and local tests; global.rtest and local.rtest in the adegenet package) was used to test for non random association of population allele frequencies with geographical and climatic landscapes. Given a significant glo bal or local test, the most positive and negative eigenvalues encompass the most important synthesis of geographical/cli matic to genetic information. sPCA scores for each location were mapped against connection networks for globally or locally significant component pairs.
RESULTS
Genetic variation
The number of alleles per locus ranged between 8 and 12 and the differences between observed and expected hetero zygosities did not suggest deviation from HWE (v 2 0.999, P 0.230; Tables 1 & 2) . Tests of heterozygote deficiency or excess were carried out for all populations with more than two individuals and P values were adjusted for multiple comparisons (Bonferroni correction). Only one population, Guardia Mitre (Table 2) , showed significant multilocus het erozygote deficiency at the 0.05 level. Despite this, we found that this population did not behave any differently to those to which it was adjacent after downstream analyses. Although variable numbers of individuals were sampled per population (Table 2) , all landscape analyses were carried out using aver age allele frequencies per locus per locality to avoid the redundancy of climatic and geographical variables.
Predicting power of climate and genetics
From our matrix of correlations, we found that the 21 climatic variables conformed to two highly correlated tem perature and precipitation based clusters (see Fig. S1 in Appendix S1). Using a multivariate approach, we showed that geography was able to predict climate (temperature plus precipitation) significantly (P < 0.05) assuming both linear and Gaussian correlations (Table 3) . When investigat ing the relationship between geography and temperature/ precipitation variables separately, a significant linear rela tionship was found for geographical coordinates in explain ing precipitation based climatic variables, while geography predicted temperature based climatic variables significantly only when a Gaussian relationship was assumed (Table 3) . When geography was broken down into latitude and longi tude, we found that both were able to explain a significant proportion of the variance among temperature variables under a Gaussian relationship (CCA, P 0.005 in both cases), whereas latitude showed a significant linear relation ship with precipitation variables (RDA, P 0.005), while longitude showed a significant nonlinear correlation (CCA, P 0.005).
When the distribution of allele frequencies was consid ered as the response variable, we found that more tests were significant (P < 0.05) when variables were assumed to be linear distributed rather than Gaussian distributed (Table 4) . Under the linear assumption of the multivariate RDA, significant (P < 0.05) marginal variation was explained by geography, but not by climate, despite a large proportion of explainable molecular variance owing to cli mate (82%), and geography plus climate together (85%). No regressions were significant when the marginal variation explained by either one of these variable sets (geography or climate) was made conditional on the other (Table 4) . However, when climate was broken up into its two compo nent variable sets, both temperature and precipitation sig nificantly explained molecular variance when considered both singularly and together with geography (Table 4) . Nevertheless, only temperature was still significant when the marginal variance it explained was conditional on geogra phy (RDA and CCA analyses) and geography was not sig nificant when made conditional on either temperature or precipitation (Table 4) . Therefore, despite significant corre lations between geographical and climatic subsets (Table 3) , their interrelationship in predicting genetic variation (Table 4) was not straightforward. Despite this, even after subtracting conditional variation owing to geography, 46% and 34% (RDA) of the variation in the molecular data set could still be explained by temperature and precipitation, respectively.
Climatic landscape
Prior to landscape analysis, we conducted a PCA for each of the two climatic subsets (13 temperature and eight Fig. 1 and Appendix S1.
precipitation based variables), in order to convert the het erogeneity among climatic variables into climatic 'coordi nates' from which two dimensional connection networks could be constructed and sPCA performed. We found that the first two temperature principal components (TPC 1 and TPC 2) accounted for almost all (99.4%) of the vari ance, with the variable temperature seasonality contributing almost solely to the first component (Table 5 ). The first two precipitation principal components (PPC 1 and PPC 2) summarized 94.7% of the total variance (Table 6) , with the remaining variation distributed in three further com ponents. Annual precipitation was the main contributor to PPC 1, while precipitation of the coldest quarter and pre cipitation of the warmest quarter contributed alike to PPC 2 (Table 6 ).
Landscape genetics
We constructed connection networks of geographical and cli matic spatial weights using the geographical coordinates (lat itude/longitude; Fig. 2 ) and climatic coordinates (Figs S2 S5 in Appendix S2). Climatic coordinates were derived from PC loading scores of those pairs of components that account for 99.9% of the variation in temperature (TPC 1 4 in Table 5 ) and precipitation (PPC 1 5 in Table 6 ). Significant global (positive) spatial structure was found within the geographical connection network (P 0.01; Fig. 2 ). We also tested con nection networks of elevation against latitude and longitude, respectively, but these were non significant. Geographically, the most positive genetic sPCA eigenvalues showed that the species is also genetically divided into The landscape where the colonies are located is indicated in bold capitals. Colony numbers as in Fig. 2 and Appendix S1 are given in brackets. Phenotypes according to Darrieu (1980) and Nores & Yzurieta (1983) , mtDNA haplogroup according to Masello et al. (2011 (Fig. 2d) . The pre Andean populations and the eight transition localities were each divided into two groups (black squares and white squares in Fig. 2d ; for fur ther details of the distribution of these colonies see Fig. 3 ). The only significant temperature based connection net work separated the Chilean populations (30, 31) from all others along a gradient of temperature seasonality (TPC 1; Table 5 , Fig. S2 ). This gradient also separated the geographi cally isolated colony of La Mina River (3) from all other Ar gentinian populations, but did not completely separate pre Andean from Patagonian regions (Fig. S2a) . Nevertheless genetic variation appeared to link pre Andean populations in Chile and Argentina, despite their separation on either side of TPC 1 (Fig. S2b) .
Three of the connection networks combining precipitation principal coordinates PPC 2, PPC 3, PPC 4 and PPC 5 were significant ( Figs always grouped among the pre Andean localities (see Note: the scores of the variables that cumulatively contribute to 99% of the variance of each PC are reported. The main contributor to each prin cipal component is marked bold. Precipitation Seasonality: the standard deviation of the weekly precipitation estimates expressed as a percentage of the mean of those estimates (i.e. the annual mean). 
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sPCA Eigenvalues
Connection network based on geography (latitude plus longitude) of 31 burrowing parrot (Cyanoliseus patagonus) localities in southern South America that were sampled for genetic analysis. (a) Connection network for which the distribution of genetic variation was significantly autocorrelated superimposed onto a map, (b) bar plots showing each component ordered by eigenvalue, and ( c e) plots of the three components with highest positive eigenvalues after spatial principal component analysis (sPCA). The sPC scores may be eithe.r positive (black squares) or negative (white squares) and their absolute value is proportional to the size of the plotted square. Therefore, smaller squares indicate a value of the score dose to zero while bigger squares denote values further from zero (i.e. more positive or negative). For plots showing the eigenvalue of each component (y axis) and the amount of genetic variance it described (x axis) see Appendix S2. Locality numbers and landscapes are as in Table 2 . For geographical names and coordinates see Pig. l. Colonies are colour coded according to the landscapes where they are located: blue for Patagonia, green for the Pampas, red for the Serranias Centrales of Argentina (hills of San Luis and Cordoba), light brown for the lowlands of Cuyo, yellow for the Precordillera (pre Andes), and black for the Chilean Matorral. Figure 3 The sierras of Famatina, Saiiogasta and Paganzo (up to 5000 m) separate tw'o populations of the burrowing parrot (Cyanoliseus paragonus) distributed in different intermontane basins (a). The Sierras de San Luis and the Sierra de Comechingones, the approximate location of a large ancient lake that occupied the region shortly after Last Glacial Maximum (Vuilleumier, 1971) , and two groups of genetically distinct burrowing parrot populations are shown in panel (b). 
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DISC USSION
Modification of sPCA, a method originally developed for spa tial genetics , allowed us to investigate the interplay of geographical and climate heterogeneity in the structuring of burrowing parrot populations on a continental scale. Despite limited genetic data, we were able to explicitly disentangle genetic patterns related to geography and climate (Fig. 2, Figs S2 SS) . Geographically, sPCA revealed previously undetected conservation relevant genetic structure, whereas climatically, temperature and precipitation variables were not similarly related to geography. As predicted, we discovered a less prominent role of temperature based variables and a more important role for precipitation, although this resulted more from dissection of genetic and climatic variation via sPCA than from accounting for regressional redundancy. Differences in precipitation helped reveal cryptic climatic affinities between the areas and sPCA showed that precipitation played a key role in the structuring of burrowing parrot diversity.
Spatial landscape
Geographically, sPCA divided the species distribution into two main areas, Patagonia and the pre Andes, which were connected by an area of geographical transition represented by eight localities (Fig. 2c ). This result is in line with a previ ous study based on mtDNA (Masello et al., 2011) . But, by using sPCA, we were able to reveal previously undetected conservation relevant genetic structure: the pre Andean pop ulations and the eight transition localities were each divided into two groups (Fig. 2d) . The two pre Andean groups corresponded to populations distributed in two different intermontane basins separated by the sierras of Famatina, Sañogasta, Vilgo and Paganzo (up to 5000 m; Fig. 3a) . Importantly, all but one of the colonies in these two groups were located on the slopes of the sierras. This is because of (1) the availability of high vertical cliffs needed to dig nests, and (2) the greater precipitation of the slopes comparing with lower areas of the basins (Strecker et al., 2007) .
In the area of geographical transition (Serran ıas Centrales), six of the transition localities (6, 25, 26, 27, 28 and 29) formed a genetically homogeneous group (Fig. 2d ) located between the ridges Sierra de San Luis (up to 1900 m) and Sierra de Comechingones (up to 2300 m; Fig 3b) . Further west, the two transition localities in the lowlands of Cuyo (13, 14) formed another genetically homogeneous group (Fig. 2d) . These two colonies are located on what would today be the other side of a large ancient lake that existed shortly after the Last Glaciation Maximum (Fig. 3b; Vuilleu mier, 1971) and their genetic uniqueness may be the out come of barriers that are no longer evident in the landscape (e.g. Lougheed et al., 1999) . Estimates of divergence times between the Cuyo and the Serran ıas Centrales populations would be needed to test this hypothesis with the expectation that divergence dates to the end of the Last Glacial Maxi mum. Alternatively, the observed structuring could arise from other scenarios, such as the precipitation differences between localities (Figs S3c, S4c & S5c) .
Apart from revealing important management units, the previously undetected genetic structure visualized through the use of sPCA further demonstrates the crucial role of the Andes, the pre Andes and associated ridges in shaping the genetic structure of animal populations in South America. Although, trans Andean dispersal has been found in several organisms, including the burrowing parrot (Masello et al., 2011) , the Andes, the pre Andes and associated ridges consti tute orographic structures that may impose constraints to gene flow for several taxa examined to date (e.g. Turchetto Zolet et al., 2013) .
Climatic landscape
When temperature based variables were considered, tempera ture seasonality accounted for almost all of the variance among the data, showing a nonlinear relationship with both the geographical coordinates and microsatellite allele fre quency distribution. So, despite the higher prediction power of temperature based variables, their influence on the distri bution of the genetic variation is less straightforward to interpret. This is because (1) temperature varies most widely on either side of the Andes, as do microsatellite allele fre quencies separating Chilean C. p. bloxami from all other populations, and (2) on the Argentinian side of the Andes, temperature ranges for geographically distinct Patagonia, the Serran ıas Centrales and the pre Andes are largely overlap ping. This suggests that while large variation in temperature and genetics are apparent on either side of the Andes, tem perature did not play a key role in the structuring of bur rowing parrot diversity in Argentina.
In the case of precipitation, annual precipitation was the main contributor, followed by precipitation of the coldest quarter and precipitation of the warmest quarter. Interest ingly, only the pairs of PCs that contained PPC 3, mainly explained by the precipitation of the wettest quarter, showed significant patterns (Fig. 2, Figs S2 S5 ). In the case of the Chilean and Patagonian populations the precipitation of the wettest quarter corresponds to the winter months, while in the case of the pre Andes and Cuyo populations corresponds to spring to early summer (Hajek & di Castri, 1975; Paruelo et al., 1998) . Altogether, by taking into account the redun dancy among climatic variables, sPCA revealed a more cryp tic and important role of precipitation than previously observed (Masello et al., 2011) . These results can be properly understood by considering crucial aspects of the ecology and the breeding biology of the burrowing parrot. Burrowing parrots are mainly distributed in dry landscapes (Masello et al., 2011;  Fig. 1 ) but are never found far from water as they need to drink several times daily (Masello et al., 2011) . Both the amount of precipitation during the breeding season (spring to early summer) and the amount of precipitation during the months before the breeding season (winter) are directly linked to breeding success, and hence fitness, of the burrowing parrots in north eastern Patagonia (Masello & Quillfeldt, 2004) . In years of reduced rain caused by the La Niña phase of the El Niño Southern Oscillation (ENSO), the breeding success of the parrots was negatively affected by strongly reduced primary productivity and food availability (Masello & Quillfeldt, 2004) . The strong species wide depen dence on the presence of water, coupled with heterogeneous regional levels of precipitation across the study area, may have led to local adaptation to differential precipitation regimes, which could then influence the distribution of genetic variation by limiting gene flow to precipitation simi lar areas.
Precipitation based connection networks and genetic scores also separated Patagonian from pre Andean regions, and populations on either side of the Andes in Chile and Argentina. In all sPCA results (geography, temperature and precipitation) colonies in the Serran ıas Centrales and in the lowlands of Cuyo are intermediate between the pre Andean and Patagonian populations (Fig. 2c, Figs S2 S5) . Moreover, the precipitation based connection networks and genetic scores clearly grouped populations in the Serran ıas Centrales with pre Andean localities and confirmed the climatically intermediate position of the Cuyan populations. This adds to previous evidence of a stable hybrid zone that has been func tioning as a channel for genetic exchange between Patago nian and Andean populations for several thousand years (Masello et al., 2011) . Expanding Patagonian individuals into the south eastern range of the Andinus population thus resulted in the evolution of an intermediate phenotype: C. p. conlara (Nores & Yzurieta, 1983) . These results also corrobo rate evidence that suggests a potential role for climatically intermediate regions in structuring stable hybrid zones. Stud ied taxa ranging from trees (e.g. Cullingham et al., 2012; G erard et al., 2013) to invertebrates (e.g. Hilbish et al., 2012) and vertebrates (e.g. Espregueira Themudo et al., 2012) revealed precipitation and temperature to be among the main variables associated with the position of hybrid zones. This highlights the necessity of investigating the role of cli mate in the origin and evolution of hybrid zones.
The utility of sPCA in dissecting geographical and climatic landscapes This study uses multivariate sPCA and explores its usefulness in landscape genetic studies. This is because landscape stud ies cannot be limited to just understanding correlations between genetic and physical distances, but also extended to correlations between genetic and the multidimensional eco logical niches in which species evolve. This perspective could be further extended by carrying out long term population genetic studies, based on explicit working hypotheses that compare different evolutionary scenarios while considering ecological niche complexity. Here, we used a model free multivariate approach (PCA) to reduce the multivariate space described by climatic variables in order to analyse them within a sPCA framework. We acknowledge that such application may not be ideal in summarizing climatic infor mation and may lead to some redundancy in dissecting the contribution of each variable to the climatic landscape. How ever, in the absence of explicit ecological indices that would enable the ordering of entities according to climatic differ ences, PCA seems a natural statistical solution given its abil ity to reduce a variable's correlation and provide ordered reciprocal coordinates without specific assumptions. A com parison of the results from geographical and precipitation based variables showed that geography cannot be regarded as simple straight line physical distances. Geography is also important because of its interplay with climate and the cli matic differences it implies. Most interestingly, differences in seasonal precipitation helped reveal cryptic climatic affinities between the area of geographical transition and the pre An dean localities. These climatic parameters also separate quite clearly the Patagonia region and the pre Andean colonies, thereby explaining the differences that would be expected among different habitats.
These novel climatic inferences, intractable through stan dard climate genetic regressions, highlight the importance of our modified sPCA approach in revealing how identifiable climatic variables can drive statistically significant, but often cryptic, genetic patterns across climatic landscape space. This method could potentially be applied to any species distrib uted over a climatically heterogeneous landscape.
Conservation implications
Burrowing parrots currently face a precarious conservation situation owing to: (1) the low population sizes of Bloxami (approximately 6000 individuals) and Andinus (2000 nests) mtDNA haplogroups; (2) the low population size in the hybrid zone of the Serran ıas Centrales (1700 individuals); (3) the strong reduction (46%) in population size of Patagonus1 and Patagonus2 during the last 30 years, following the severe reduction in size of the formerly largest known colony of some 50,000 nests today reduced to a few hundred nests; and (4) the concentration of 79% of all Patagonus1 and Pat agonus2 mtDNA haplogroups (i.e. 71% of the total species population) in just one colony, namely El C ondor (e.g. Voi tzuk, 1975; Rojas Mart ınez, 2008; Masello & Quillfeldt, 2012;  for haplogroups see Masello et al., 2011) . Previously, Masello et al. (2011) identified four different management units, cor responding to the populations in Chile, the lowlands of Cuyo, Patagonia, and the Serran ıas Centrales. However in this study, sPCA revealed hitherto undetected genetic struc turing (Fig. 2, Figs S3 S5 ) based on geography, both for the lowlands of Cuyo and the Serran ıas Centrales (Fig. 2d) . The two genetically distinct subunits detected in the lowlands of Cuyo correspond to colonies separated by huge ridges and distributed in different intermontane basins (Fig. 3a) . sPCA based on precipitation also clearly dissected two genetically distinct subunits in the Serran ıas Centrales (Figs S3c, S4c & S5c) . Thus, with the aid of sPCA, we now consider six dis tinct management units for conservation across the species' range. This highlights the further usefulness of geographical and climatic sPCA in detecting discontinuities in genetic het erogeneity, as it has improved our ability in identifying man agement units for conservation across continental scale terrestrial ecosystems.
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